Processing of irradiated spent or used nuclear fuel (SNF/UNF) allows the separation and recovery of the actinide elements in order to maximize the resources available to generate civil nuclear energy. 1 Some advanced concepts such as partitioning and transmutation propose to 'burn-up' long lived minor actinides with the benefit of reducing the radiotoxic lifetime and geological footprint of waste that requires permanent disposal. 2 Transmutation first requires the difficult separation of the trivalent minor actinides from lanthanides that act as neutron poisons. Employing complexants that offer primarily soft donor atoms, such as nitrogen or sulfur, can exhibit very high An 3+ vs. Ln 3+ selectivities. Extractants that show considerable promise for this separation include 6,6′-bis- (5,5,8,8-tetramethyl-5,6,7,8- tetrahydro-1,2,4-benzotriazin-3-yl)-2,2′-bipyridine (CyMe 4 -BTBP) and 2,9-bis(5,5,8,8-tetramethyl-5,6,7,8tetrahydro-1,2,4-benzotriazin-3-yl)-1,10-phenanthroline (CyMe 4 -BTPhen). 3 It is important to understand the chemistry of all of the relevant actinide elements towards such extractant molecules, because some processes propose a group actinide separation step where plutonium may be present along with other actinides. 4
Herein, we describe coordination chemistry studies of the neutral polydentate CyMe 4 -BTPhen and CyMe 4 -BTBP nitrogen donor ligands towards Pu(IV). Solution speciation is probed by electronic absorption spectroscopy, and solid-state molecular structure determined by single crystal X-ray diffraction, leading to evidence for reduction of Pu(IV) to Pu(III). The electronic structure of the Pu complex with CyMe 4 -BTPhen is probed by DFT calculations.
In biphasic solvent extraction systems, plutonium is usually intended to be extracted as Pu(IV) and then back-washed as Pu(III) following addition of an appropriate reductant. 1 Therefore, we set out to examine the coordination chemistry of Pu(IV) with the aim of elucidating the nature and speciation of complexes that might be extracted into an organic phase. In order to facilitate the isolation and structural characterization of a plutonium complex with CyMe 4 BTPhen, solid [N(n-Bu) 4 ] 2 [Pu(NO 3 ) 6 ] was chosen as a readily prepared, well characterized, organic solvent soluble, Pu(IV) precursor for complex synthesis. 5 Nitrate was selected as the anion source because it is the most relevant to nuclear fuel cycle solvent extraction mechanisms, which most commonly employ nitric acid as the aqueous phase. 1 The chosen solvent was MeCN because of the good solubility of both the Pu starting material and ligand, and the fact that knowledge already exists about the stability and reactivity of [N(n-Bu) 4 ] 2 [Pu IV (NO 3 ) 6 ] in MeCN. 5 Heating the solution had no significant effect upon the vis-NIR spectrum suggesting that the reaction had reached completion at room temperature (a peak at 840 nm increased in intensity after heating but we attribute this absorption to an impuritysee later discussion regarding the vis-NIR spectrum of the pure solid Pu-CyMe 4 -BTPhen complex, for which the 840 nm peak is absent). Following work-up of the reaction solution (see SI), large dark brown crystalline blocks were obtained, revealed by single-crystal X-ray diffraction to be [Pu III ( anion present in the crystal structure it appears that complexation of the CyMe 4 -BTPhen ligand favors reduction of Pu(IV) to Pu(III), forming a more stable complex than Pu(IV) under these particular reaction conditions. The presence of 3, 9 The [Pu III (CyMe 4 -BTPhen) 2 (NO 3 )][Pu IV (NO 3 ) 6 ] compound was further characterized by acquiring the diffuse reflectance vis-NIR spectrum of the solid crystals (Figure 3 , blue) and comparing it to the crystals dissolved in MeCN solution ( Figure  3, green) . The electronic transitions are essentially identical, suggesting very similar or identical speciation in the solid vs. solution phase and that the complex remains intact upon dissolution. The vis-NIR spectrum of the initial reaction solution (Figure 3, red) is also essentially identical with the exception of the additional 'impurity' peak at 840 nm, which suggests that the 1:2 complex is also prevalent in solution before crystallization. Crystals of the 1:2 complex were also dissolved in aqueous 1 M HCl (Figure 4, red) , and interestingly, rather than a reversion to an electronic transition profile typically observed for Pu 3+ 'aquo' speciation, 10 the complex appears to remain intact. The vis-NIR spectrum of the mother liquor solution from which the crystals were grown ( Figure 5 , red) is also broadly consistent with the absorption bands observed for the pure product. However, it should also be noted that, in addition to the dark brown crystals that were obtained, a lighter-brown solid powder also precipitated during crystallization. This solid did not re-dissolve in MeCN, and we were not able to characterize this solid. Crystals of [Pu III (CyMe 4 -BTPhen) 2 (NO 3 )][Pu IV (NO 3 ) 6 ] were dissolved in CD 3 CN and the 1 H NMR spectrum was recorded. Definitive assignment of the peaks is difficult because of the paramagnetic 5f 5 electronic configuration of Pu(III) ions (see SI for discussion and tentative assignments). Crystals were grown from the CD 3 Figure S10 . This finding supports the experimental assignment of the structurally determined [Pu III (CyMe 4 -BTPhen) 2 (NO 3 )] 2+ cation as containing a Pu(III) cation and neutral CyMe 4 -BTPhen ligands. Besides, this also confirms that reduction happens on the metal centre rather than at the ligand.
In summary, the first structural characterization of a plutonium complex with the CyMe 4 -BTPhen polydentate Ndonor extractant reveals unanticipated spontaneous reduction of Pu(IV) to Pu(III). The findings are relevant to any separation strategies that consider group actinide separations in which Pu is co-extracted along with minor actinides, namely, that plutonium may be extracted as Pu(III) rather than Pu(IV) depending upon the nature of the extractant and solution conditions.
